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ARTICLE INFO ABSTRACT

Keywords: Ischemic stroke lacks clinically proven cerebroprotectants, partly because candidate targets have not been
JNK3 evaluated with rigorous translational pipelines. The aim of this study was to perform a systematic review about
Cerebroprotection

the potential role of the brain-enriched JNK3 signaling as a therapeutic target for acute ischemic stroke. A
PRISMA-guided systematic search of PubMed, EMBASE and Scopus was performed up to October 2024. The
research was limited to original research articles published in extenso on Institute for Scientific Information (ISI)
Journals and written in English. Fifty-six studies met the inclusion criteria, all preclinical with a predominance
for rodent models of global transient ischemia, with sparse representation of focal or large-animal models.
Although the heterogeneous outcomes of the included studies, convergent evidence showed that JNK3 drives
post-ischemic injury through (i) GluR6/NMDAR-PSD-95-MLK3 excitotoxic scaffolds, (ii) ASK1-initiated oxidative
cascade, (iii) mitochondrial Bax/cytochrome-c apoptosis, (iv) ceramide synthesis and autophagy dysregulation,
and (v) release from PI3K-AKT or HO-1 scaffold brakes. Collectively, literature supports JNK3 as a pleiotropic,
druggable hub whose early blockade affords robust cerebroprotection, but translation into the clinical settings
will require isoform-selective, brain-penetrant compounds evaluated in experimental conditions that more
closely mirror clinical reality. Speculatively, future advances may derive from highly specific JNK3 inhibitors
capable of targeting vulnerable neuronal populations within ischemic regions. When combined with optimized

Acute ischemic stroke
Cerebral ischemia/reperfusion
Signal transduction

Abbreviations: 2-VO, two-vessel occlusion; 4-VO, four-vessel occlusion; AKT1, protein-kinase-B isoform 1; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole-pro-
pionic-acid receptor; ASK1, apoptosis signal-regulating kinase-1; ATF2, activating transcription factor-2; Bax, Bcl-2-associated X-protein; Bcl-2, B-cell lymphoma-2;
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delivery systems and personalized therapeutic strategies, such agents may ultimately contribute to redefining the
cerebroprotective landscape in stroke therapy.

1. Introduction

Ischemic stroke remains a leading cause of mortality and disability,
yet no cerebroprotective drug has been translated into the clinical
setting despite decades of encouraging pre-clinical findings, because of
many critical gaps in the bench-to-bedside translational strategy [1].
Recently, the reanalysis of the ESCAPE-NA1 and FRONTIER trials has
renewed interest in Nerinetide, effective when administered within 3 h
from stroke onset [2-4]. Targeting microglial metabolic reprogramming
toward the M2 phenotype has also emerged as a promising
anti-inflammatory mechanism [5], and human neural stem cell-derived
extracellular vesicles were shown to reduce infarct volume and enhance
functional recovery after ischemic stroke inhibiting neuronal apoptosis,
supporting their safety and therapeutic potential for clinical translation
[6]. Finally, iPSC-based organoids and CRISPR gene editing have
advanced personalized testing [7]. Despite these advances, no agent has
achieved consistent clinical translation, underscoring the urgent need to
identify novel molecular targets and combination strategies for effective
cerebroprotection.

Identifying disease-relevant molecular mechanisms and studying
them with properly designed experimental research have become
imperative for the evaluation and employment of next-generation cer-
ebroprotectants. In this context, targeting the Central Nervous System
(CNS) specific isoform of c-Jun N-terminal kinase (JNK), i.e. JNK3, is
one of the most promising cerebroprotective strategies under study.

JNKs are part of the mitogen-activated protein kinases (MAPKs),
alongside the extracellular signal regulated kinase (ERK) and the
mitogen activated protein kinase p38 [8]. JNKs are activated by several
stress stimuli such as oxidative stress, heat and osmotic shock, and
ischemia-reperfusion insults [9—11]. Encoded in three genes, ten JNK
isoforms exist: four JNK1 and four JNK2 (ubiquitous), and two JNK3
(tissue-specific) [12]. In particular regarding JNK3, transcriptomic and
proteomic data have revealed that, while highly enriched throughout
the CNS, JNK3 is also constitutively expressed in the testis (where it is
sequestered by the testicular barrier) and at low basal levels in adult
myocardium [13]. JNK3 presence and function in peripheral tissues
such as the pancreas are less well-characterized but increasingly studied,
especially in the context of inflammation, apoptosis, and metabolic
stress [14,15].

Activation of JNKs follows the phosphorylation by the MAP 2 Kinases
Kinase 3, 4 and 7 (MKK3, MKK4 and MKK?7), with MKK3 as a minor
contributor [16]. MKKs are in turn activated by the phosphorylation
mediated by MAP3 Kinases (MAP3K or MKKKs), comprising the mixed
lineage kinase 2 and 3 (MLK2, MLK3), the transforming growth fac-
tor-B-activated kinase-1 (TAK-1), the tumor progression locus-2 (Tpl2)
kinase, and the apoptosis signal-regulating kinase-1 (ASK1). Equally
crucial is the counter-regulation provided by MAPK phosphatases
(MKPs), which dephosphorylate threonine and tyrosine residues on
JNKs, thereby constraining the intensity and duration of the signal [17].

Shared MAP3Ks create inherent points of convergence between the
MAPK (ERK, p38 and JNK) cascades, making stringent signal discrimi-
nation essential. Scaffold proteins confer this specificity by binding the
constituent kinases of a single module, thereby accelerating phosphor-
ylation relays while isolating them from competing pathways [18].
Paradigmatic examples of these key scaffold proteins are the
JNK-interacting protein 1 (JIP1) and the B-Arrestin-2, whose importance
is evident in polarized cells like neurons where they dictate
compartment-restricted JNK signaling [19]. For exemple, when JNKS3 is
activated in the nucleus, it phosphorylates c-Jun initiating a
pro-apoptotic program; conversely, post-synaptic JNK3 phosphorylates
and destabilizes PSD-95, down-regulating AMPA/NMDA receptors and

thereby impairing synaptic plasticity [20].

Therefore, focusing on JNK3, its activation induces compartment-
specific effects, and this -in combination with its ability to phosphory-
late a wide range of substrates involved in diverse cellular processes-
contributes to its complex, pleiotropic functions. In fact, more than 100
JNK3 substrates have been identified including transcription factors
(such as c-Jun, ATF2, NFATc2/3, ELK-1, c-Myc), cytoskeletal regulators
(e.g., doublecortin, Tau, WDR62), scaffolds (JIP1/JIP3) and mitochon-
drial pro-apoptotic proteins [11,21,22]. The overall JNK3 signal trans-
duction cascade is summarized in Fig. 1, together with the main
JNK3-activated cellular processes both in physiological and pathological
conditions. This hierarchical network identifies JNK3 as a final hub of
diverse stress signals, linking upstream stress pathways to downstream
processes of tissue injury and repair. It defines multiple regulatory nodes
that, due to the restricted expression of JNK3 in the CNS and its specific
functional roles, represent promising therapeutic targets for cere-
broprotection in ischemic stroke.

The aim of this study is to evaluate the existing literature regarding
JNK3 role in acute ischemic stroke for the first time through a systematic
review, to provide useful information both to improve the knowledge of
JNK3 potentialities as a cerebroprotective target, and to address possible
gaps that could be preventing its translation into the clinical settings.

2. Materials and methods

This review is reported according to the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines
[23].

2.1. Data sources and search

We performed a systematic literature search on Institute for Scien-
tific Information (ISI) included Journals indexed on PubMed, Scopus,
and EMBASE up to October 2024 to identify studies focused on JNK3 in
acute ischemic stroke. The study has not been registered in an online
deposit, but the authors assure that the search strategy and analytical
approach were not altered after literature search began.

Search terms for PubMed have been: ("stroke"[MeSH Terms] OR
("cerebral ischaemia"[All Fields] OR "cerebral infarction"[MeSH Terms]
OR ("cerebral"[All Fields] AND "infarction"[All Fields]) OR "cerebral
infarction"[All Fields] OR ("cerebral"[All Fields] AND "ischemia"[All
Fields]) OR "cerebral ischemia"[All Fields] OR "brain ischemia"[MeSH
Terms] OR ("brain"[All Fields] AND "ischemia"[All Fields]) OR "brain
ischemia"[All Fields]) OR ("brain ischaemia"[All Fields] OR "brain
ischemia"[MeSH Terms] OR ("brain"[All Fields] AND '"ischemia"[All
Fields]) OR '"brain ischemia"[All Fields]) OR ("brain infarction"[MeSH
Terms] OR ("brain"[All Fields] AND "infarction"[All Fields]) OR "brain
infarction"[All Fields]) OR ("cerebral infarction"[MeSH Terms] OR
("cerebral"[All Fields] AND ‘"infarction"[All Fields]) OR '"cerebral
infarction"[All Fields])) AND ("jnk3"[All Fields] OR "jnk-3"[All Fields]
OR ("janus kinase 3"[MeSH Terms] OR "janus kinase 3"[All Fields]) OR
"jnk-3"[All Fields]).

2.2. Study selection

The screening of eligible publications was carried out independently
by two raters (F.F. and F.M.) on the systematic review-dedicated plat-
form PICO Portal (https://picoportal.net). First, the titles and abstracts
of all citations were reviewed. Next, the full text of potentially relevant
citations was reviewed. Discrepancies were resolved by discussion and
consensus.
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Studies were included if they met the following eligibility criteria:
(1) studies focused on acute ischemic stroke; (2) studies conducted
exclusively on JNK3; (3) studies with full-text available for review.
Studies were excluded if they met one or more of the following criteria:
(1) data published as conference proceedings and abstracts, because of
the lack of sufficient experimental details to evaluate their scientific
values; (2) narrative and systematic review articles; (3) article written in
a language other than English.

2.3. Data extraction and quality assessment

Data was extracted from included studies on platform PICO Portal.
We extracted the following data: the first author’s last name, year of
publication, if performed in vitro vs in vivo, on humans and/or animal
models, employed animal species, experimental model of acute ischemic
stroke, main findings. Data were summarized using descriptive statis-
tics. Categorical variables were expressed as count (percentage).

Quality of studies included in the systematic review, when per-
formed on animal models, was assessed using the 10-item SYRCLE’s risk
of bias tool developed on the Cochrane tool and specifically validated for
animal studies [24]. Bibliographic records were organized,
de-duplicated, and cited with Zotero reference manager.

3. Results
3.1. Literature search results

Following the PRISMA guidelines, the identification process began
with the import of 298 records from scientific databases. Before
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screening, 157 records were removed due to duplicates. This left 141
records for abstract screening, where 69 were excluded through dual
independent review. Subsequently, 72 reports were sought for retrieval,
with 6 not retrieved, leaving 66 reports for full-text review. During this
stage, 10 records were excluded for reasons including being published as
conference proceedings (n = 7), and not being focused on JNK3 (n = 2);
in 1 instance a paper was excluded because retracted by the Editor of the
Journal where it was published. Ultimately, 56 reports were included in
the final review. Study selection process is described in detail in Fig. 2,
visually based on [25].

3.2. Quality of included studies

Because all the included manuscripts were preclinical studies, risk-
of-bias appraisal was performed with the SYRCLE tool, as discussed in
Materials and Methods section, exposing marked methodological
shortcomings (Table S1). Only 2 papers provided any statement on
allocation concealment. No study reported random housing of animals,
i.e. if and how many animals were randomly assigned to a single cage.
Blinding was also rarely reported: 2 studies declared masking of care-
givers, and 2 reported blinded outcome assessment. Incomplete outcome
data and selective-reporting domains were addressed in <7 % of
papers.

3.3. Characteristics of included studies
Details on included studies are provided in Table S2. Of them, 11

investigations (19.6 %) were performed in vitro: 4/56 studies (7.1 %)
were conducted exclusively in cell cultures, whereas 7/56 investigations
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Fig. 1. JNK3 signal transduction molecular cascade (on the left) and the cellular processes activated by JNK3 in physiological and pathological conditions (on the
right). Abbreviations - Upstream kinases: MLK2/3, Mixed Lineage Kinase 2/3; Tpl2, Tumor Progression Locus 2; ASK1, Apoptosis Signal-regulating Kinase 1; TAK1,
Transforming Growth Factor Beta-Activated Kinase 1; MKK4 and MKK7, Mitogen-Activated Protein Kinase Kinase 4 and 7; MKP, MAP Kinase Phosphatase; - Effector
kinase: JNK3, c-Jun N-terminal Kinase 3; - JNK3 targets: PSD-95, Postsynaptic Density Protein 95; SynGAP, Synaptic GTPase-Activating Protein; GluR6/GluK2,
Glutamate Receptor 6/Kainate Receptor Subunit 2; SAP102/SAP97, Synapse-Associated Protein 102/97; AKT1, Protein Kinase B; MAP2, Microtubule-Associated
Protein 2; JIPs, JNK-Interacting Proteins; Bcl-2, B-cell Lymphoma 2; Bax, Bcl-2-associated X protein; Bim, Bcl-2-interacting mediator of cell death; Bad, Bcl-2-
associated Death Promoter; ELK1, ETS Like-1 Protein; ATF2, Activating Transcription Factor 2; NFATc2/3, Nuclear Factor of Activated T-cells, cytoplasmic 2/3.

Created in https://BioRender.com.
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Fig. 2. PRISMA flowchart of the systematic review.

(12.5 %) combined in vitro experiments with an accompanying animal
model. Among the in vitro studies, 8/11 used primary or immortalized
neuronal cultures subjected to oxygen-glucose deprivation (OGD) to
mimic global energy failure, 2/11 studies applied a glutamate/kainate
excitotoxicity paradigm centered on the GluR6/PSD-95/MLK3 complex,
and 1/11 exposed mouse HT22 neurons to a multiparametric “penum-
bra-mimic” medium that reproduces the acidic, hypo-nutritive milieu
surrounding a focal infarct.

In vivo experiments were performed in 52 studies (92.9 %). Exper-
imental animals were almost exclusively rodents: rats in 47/52 experi-
ments (90.4 %) and mice in 5/52 (9.6 %). Global cerebral ischemia was
the most employed modelling strategy: four-vessel occlusion (4-VO)
accounted for 42/52 experiments (80.8 %), the vast majority being
transient (40/42), whereas only 2 used a permanent 4-VO paradigm.
Two-vessel occlusion (2-VO) was used in 2/52 studies (3.8 %), both
transient with reperfusion. Focal middle cerebral artery occlusion
(MCAOo0) provided the principal focal model, being used in 7/52 studies
(13.5 %): 6/7 applied a transient protocol, and 1/7 a permanent oc-
clusion. A single paper over 52 (1.9 %) used an alternative focal
approach (transient unilateral common-carotid occlusion).

3.4. Main physiopathological JNK3-mediated mechanisms

As regards the evaluated physiopathological mechanisms mediated
by JNK3 signaling, major findings are reported in Table 1, where all the
are relative bibliographic references are reported.

3.4.1. Receptor-coupled excitotoxic signaling

Receptor-coupled excitotoxic signaling, typically the GluR6-
NMDAR/PSD-95/MLK3 cascade, was the most common focus, appear-
ing in 29/56 studies (52 %).

Glutamate-driven excitotoxicity recruits JNK3 in a highly ordered
signaling complex involving GluK2, PSD-95 and MLK3 [26-28].
Disruption of this complex by antisense knockdowns of PSD-95 [29],
peptide inhibitors that uncouple GluR6-PSD-95 binding [30], or MLK3
antagonists such as SP600125 molecule [31] or Fasudil hydrochloride
[32] consistently prevents JNK3 phosphorylation and rescues vulner-
able neurons. Additional regulatory mechanisms include CaMKII (whose
antisense knock-down reduces GluK2 clustering and blunts JNK3
signaling) [33], and post-translational SUMOylation of GluK2 (which
enhances scaffold formation under sustained glutamate exposure) [34].

However, glutamate has an ambivalent role after an ischemic insult:
thanks to the increased activity of glutamate metabolizing enzymes,
which utilize glutamate as a carbon donor to sustain energy-yielding
cellular pathways [35], glutamate concentrations decrease within the
first hour from the ischemic insult [36], and blunting it with an incorrect
timing may impair the activation of synaptic plasticity. This implies that
temporally tailored JNK3 inhibitors and potentially controlled-release
agents may offer an optimal balance between cerebroprotection and
functional recovery.

3.4.2. Intrinsic mitochondrial apoptosis

Intrinsic mitochondrial apoptotic pathway (Bax/Bcl-2 shift,
cytochrome-c release, caspase-3 activation) was examined in 15/56
papers (27 %). Upon an ischemic insult, JNK3 emerges as a central
executor of the intrinsic apoptotic pathway in the post-ischemic brain,
integrating oxidative, excitotoxic and mitochondrial stress into a unified
death program.

Selective JNK3 loss-of-function [13,37] or MLK3 inhibition [38]
consistently blocked Bax translocation, cytochrome-c release and
caspase-3 activation. Small molecules that reinforce mitochondrial
integrity such as Quercetin, Metformin, Cilostazol, Atorvastatin or
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Main physiopathological processes mediated by JNK3 signaling after an acute ischemic injury.
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Mechanism N. Studies Molecular Axis

Pathological Consequence

Tested modulator

References

Receptor-coupled 29/56 (51.8 %)
excitotoxic signaling
(GluR6-NMDAR/

PSD-95)

Excess glutamate/kainate
over-activates GluR6 or NMDARs;
PSD-95 scaffolds MLK3-MKK4,/7-JNK3
in the postsynaptic density; active JNK3
phosphorylates PSD-95, SynGAP and
c-Jun, exacerbating Ca** influx and
receptor internalization.

Activated JNK3 translocates to
mitochondria; JNK3 phosphorylates
Bax and down-regulates Bcl-2, triggers
mitochondrial outer-membrane
permeabilization, cytochrome-c release
and caspase-9/3 cascade.

Under normal conditions AKT
phosphorylates MLK3 (Ser674) to
restrain MLK3-MKK4,/7-JNK3; PI3K
inhibition or ischemia ablates this
brake, allowing robust JNK3 activation.
ROS/RNS oxidize thioredoxin — release
and activation of ASK1; ASK1
auto-phosphorylates, activates MKK4/7
— JNK3; downstream phosphorylation
of c-Jun, Bim, Drpl enhances oxidative
injury.

Sustained JNK3 under hypoxia-acidosis
phosphorylates Bcl-2/Beclin-1,
modulating Beclin-1-Vps34 complex
and intersecting caspase-3 to steer
autophagy versus apoptosis.

JNK3 phosphorylates ceramide
synthase-1, raising ceramide levels;
ceramide destabilizes respiratory-chain
complexes I/III and triggers
mitochondrial permeability transition.
JIP1 or p-arrestin-2 assemble
MLK3-MKK7-JNK3 complexes and
traffic them to growth cones, synapses
or nucleus; stress increases complex
stability.

Pan-JNK inhibitors (IQ-1S, IQ-1 L) or
upstream Cdc42 knock-down broadly
suppress MLK3-MKK?7-JNK3;
GABAergic potentiation (Ethanol +
Muscimol) lowers network excitability
and indirectly attenuates JNK3
phosphorylation.

Intrinsic apoptosis
(mitochondrial/
caspase)

15/56 (26.8 %)

PI3K/AKT negative
regulation of JNK3

12/56 (21.4 %)

Oxidative/
ASK1-mediated
stress signaling

11/56 (19.6 %)

Autophagy/Cell
survival switch

2/56 (3.6 %)

Ceramide synthase &
mitochondrial
dysfunction

1/56 (1.8 %)

Scaffold modulation
(JIP, B2-arrestin)

5/56 (8.9 %)

Other mechanisms 6/56 (10.7 %)

Acute excitotoxic neuronal loss,

DNQX, NS102, Baclofen,

[26—34,43,50,

synaptic damage and impaired Muscimol, Ethanol, Sevoflurane, 60,61,63,66,
plasticity. Fasudil hydrochloride, Astragalus ~ 68,76—87]
extract, GluR6-Tat decoy peptide,
MLK3 inhibitors (SP600125,
CEP-1347).
Early and delayed neuronal Atorvastatin, Cilostazol, [37—39,44,45,
apoptosis, expansion of infarct Metformin, Quercetin, CoQ1o 46,48,49,51,
core and penumbra, worsened + Rosuvastatin, Paclitaxel, 53,55,64,
neurological outcome. Geldanamycin, Piceatannol, 88-90]
Momordica-polysaccharides,
nitric-oxide donors.
Loss of pro-survival signaling, Metformin, Cilostazol, Quercetin, [42,43,45,
promotion of apoptotic/ Sevoflurane, NaHS, Atorvastatin, 46—-50,53,85,
excitotoxic pathways. Geldanamycin; probes: LY294002  91]
(PI3K inhibitor), PHT—427 (AKT
inhibitor).
Endothelial dysfunction, NaHS (H:S), N-acetyl-cysteine, [43,44,52,53,
amplified oxidative damage, CoPP/Hemin (HO—1 inducer), 59,60,77,79,
apoptotic cell loss. CoQ1o + Rosuvastatin, NO donors 81,82,92]
(e.g. SNAP), HO—1 up-regulation.
Mixed autophagic-apoptotic 1Q—18 (pan-JNK with JNK3 bias); [54,55]
phenotype in peri-infarct tissue. Tat-JNK3 decoy peptide (11 aa)
Mitochondrial energy failure, Piceatannol-derived ceramide- [56]
ATP decrease, ROS increase, synthase—2 inhibitor
necrotic/apoptotic death.
Compartment-specific c-Jun Tat-JIP1 peptide, Tat-GluR6 [42,59,61,62,
activation, axon retraction, peptide, Dvl—1/p-arrestin—2 90]
synapse loss. interfering peptide, HO—1
inducers (CoPP/Hemin),
Sevoflurane
Global suppression of 1Q-1L, IQ—18S, Ethanol [63—-68]

stress-response genes, reduced
infarct size.

+ Muscimol, Cdc42-siRNA,
whole-brain hypothermia

Acronyms: AKT: also known as protein-kinase B; ASK1: apoptosis-signal regulating kinase 1; ATP: adenosine triphosphate; Bax: B-cell lymphoma-2-associated X
protein; Bcl-2: B-cell lymphoma-2; Bim: Bcl-2-interacting mediator of cell death; CoPP: cobalt protoporphyrin IX; Drpl: dynamin-related protein 1); GABA: y-ami-
nobutyric acid; JIP: JNK-interacting protein; GluR6: kainate-type glutamate-receptor subunit 6; IQ-1L/IQ-1S: lithium and sodium salts of the pan-JNK inhibitor I1Q-1;
JNK3: c-Jun N-terminal kinase 3; MKK4/7: mitogen-activated protein kinase kinases 4 and 7; MLK3: mixed-lineage kinase 3; NaHS: sodium hydrosulfide; NMDAR: N-
methyl-D-aspartate receptor; PI3K: phosphatidyl-inositol-3-kinase; PSD-95: postsynaptic density protein 95; ROS: reactive oxygen species; RNS: reactive nitrogen
species; SynGAP: synaptic Ras-GTPase-activating protein; Vps34: class III phosphatidyl-inositol 3-kinase, vacuolar protein sorting 34.

Piceatannol proved protective, but only when their AKT- or
nitric-oxide-dependent rise preceded the second, pro-apoptotic JNK3
peak at 6-24 h. Pan-JNK compounds (IQ-1L/S) and Geldanamycin
widened the therapeutic window to 48 h, suggesting that multi-target
JNKS3 suppression may extend applicability to late-presenting stroke.

Paclitaxel and Piceatannol extend these findings by showing that
down-regulation of JNK3 signaling respectively stabilizes the anti-
apoptotic factor Bcl-2 [39] and improves cerebral perfusion, respec-
tively, suggesting a synergy between anti-apoptotic support and
vascular stabilization. This raises the speculative but promising idea that
JNK3 modulation could have dual benefits, attenuating neuronal death
while enhancing collateral blood flow, thus broadening the therapeutic
utility in stroke patients with variable recanalization outcomes.

3.4.3. PI3K/AKT-dependent negative regulation
Twelve studies over 56 (21 %) showed that endogenous AKT directly
phosphorylates MLK3 at Ser674, preventing its dimerization and

blocking JNKS3 signalling.

The Phosphoinositide-3-kinase (PI3K)/AKT pathway is a critical

endogenous buffer that gates JNK3 activity: PI3K is a lipid kinase that
converts PIP2 to PIP3 at the inner leaflet of the plasma membrane,
thereby recruiting the serine/threonine kinase AKT (also known as
protein-kinase-B) together with PDK1 that, with mTORC2, phosphory-
lates AKT [40,41]. Once activated, AKT exerts powerful pro-survival
actions that directly oppose the MLK3/MKK4-MKK7/JNK3 pathway.
In rat hippocampus AKT1 phosphorylates MLK3 on Ser674, preventing
its dimerization and blocking downstream JNK3 signaling during the
first hour of reperfusion [42,43].

Drugs that enhance PI3K/AKT1 therefore reduce JNK3 activity and
limit infarct size. Quercetin heightens AKT1 phosphorylation, sup-
presses ASK1/JNK3 activation and curtails Bax-mediated apoptosis
[44]. Also Metformin, Cilostazol and Sevoflurane augment AKT1, inhibit
the JNK3-caspase-3 axis and improve cognitive outcome [45—47].
These findings support the idea that enhancing endogenous pro-survival
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buffers could indirectly restrain JNK3, offering an alternative strategy
for patients in whom direct kinase inhibition may pose toxicity risks.
Heat-shock-protein-72 (HSP72) over-expression similarly boosts AKT1
and restrains JNK3 during global ischemia [91], whereas Atorvastatin
engages an AKT1-nNOS signal that suppresses JNK3 and attenuates
hippocampal injury [48]. Conversely, Geldanamycin protects by a dual
mechanism: it lowers MLK3 expression and simultaneously facilitates
AKT1 activation, yielding a sustained reduction in JNK3 phosphoryla-
tion [49]. Finally, positive modulation of AMPA receptors prevents
GluR2 down-regulation and indirectly preserves AKT1-dependent inhi-
bition of JNK3, illustrating receptor-level crosstalk between excitatory
transmission and kinase signaling [50].

3.4.4. Oxidative/ASK1-mediated stress signalling

Eleven papers over 56 (20 %) placed attention to the redox-sensitive
MAP3K ASK1 upstream of JNK3. Within minutes of reperfusion, reactive
oxygen and nitrogen species oxidize thioredoxin releasing Apoptosis
Signal-regulating Kinase-1 (ASK1), a redox-sensitive MAP3K that cou-
ples the burst of reactive oxygen and nitrogen species generated during
reperfusion to selective JNK3 activation. The ensuing activation of the
MLK3/MKK4-MKK7/JNK3 pathway promotes Bax translocation to the
outer mitochondrial membrane and phosphorylation, Bim activation
and Bax association, cytochrome-c release and caspase-3 activation
[13].

Inhibition of this pathway has consistently been shown to preserve
mitochondrial membrane potential and neuronal viability [38,51].
Pharmacological strategies that stabilize the thioredoxin-ASK1 complex,
such as exogenous nitric oxide [52], CoQ+o co-administered with Rosu-
vastatin [53] or the plant flavonol Quercetin [44], attenuate ASK1
autophosphorylation, blunt downstream JNK3 signaling and shrink
infarct volume by 30-60 %.

These findings support the hypothesis that targeting redox-sensing
nodes upstream of JNK3 may not only provide cerebroprotection but
could also serve as adjuncts to standard thrombolytic or endovascular
therapies, especially in patients who present late or are ineligible for
reperfusion.

3.4.5. Autophagy-apoptosis crosstalk

Two papers over 56 (3.6 %) linked sustained JNK3 activity to
pathological autophagy in peri-infarct tissue. Autophagy, like apoptosis,
is under control of the JNK cascade, and mounting data indicate that the
JNK3 isoform is the principal switch that converts stress-induced auto-
phagy from a transient, housekeeping response into a maladaptive death
pathway after stroke [54,55]. Mechanistically, activated JNK3 phos-
phorylates Bcl-2 at Ser70, releasing Beclin-1 and thus removing the
endogenous brake on autophagosome nucleation. Pharmacological
JNK3 inhibition with IQ-1S or isoform-selective peptides restored the
Bcl-2-Beclin-1 complex, normalized autophagic flux and prevents
vacuolar degeneration without abolishing basal turnover [55].

3.4.6. Ceramide-induced mitochondrial dysfunction

One single paper over 56 (1.8 %) observed the ceramide-induced
mitochondrial dysfunction. Multiple cellular pathways -including
mitochondrial ceramide generation, cytoskeletal remodeling, and
autophagy- converge on JNK3. This convergence highlights JNK3 cen-
tral role as a signaling hub and suggests that its inhibition could offer
broad cerebroprotective effects by simultaneously mitigating apoptotic,
metabolic, and structural damage. The fact that JNK3 signaling is a
highly integrated pathway is testified also by the observation that
mitochondrial energy dysfunction is an early amplifier of the JNK3
death program: once activated, JNK3 translocates to the outer mito-
chondrial membrane where not only triggers intrinsic apoptosis, but also
stimulates the activity of ceramide synthase-2, thereby raising ceramide
levels that further destabilize mitochondrial integrity [56]. It should be
highlighted that a Piceatannol-based inhibitor reduces ceramide accu-
mulation and preserves mitochondrial function [57].
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3.4.7. Scaffold protein-directed modulation

Five investigations over 56 (8.9 %) targeted the structural proteins
that chaperone JNK3 modules. Disrupting JIP1 or B-arrestin-2 physically
separated MLK3 from MKK7/JNK3 and conferred region-selective cer-
ebroprotection even when given 1 h after reperfusion. Heme Oxygenase-
1 (HO-1) is the inducible isoform of the heme-degrading enzyme which
prevents toxic heme accumulation and provides antioxidant, anti-
inflammatory and cytoprotective effects [58]. HO-1 displaces the JIP1
adaptor physically separating ASK1 from MKK?7, thereby dampening
JNK3 activity [59]. Exogenous HO-1 inducers such as Sevoflurane
reproduce this action [60]. A cell-permeable peptide that competitively
disrupts the scaffold GluR6-PSD-95-MLK3 attenuated JNK3 activation in
CAl pyramidal neurons and conferred robust neuroprotection even
when delivered after reperfusion [61]. Beyond the synapse, p-arrestin-2
operates as an adaptor for the Wnt5a pathway: by binding Dishevelled-1
(Dvl-1) and simultaneously docking JNK3, it channels stress signals from
membrane Frizzled receptors to the kinase core. Disrupting the
Dvl-1-p-arrestin-2-JNK3 interaction with a designed peptide prevented
c-Jun phosphorylation, preserved mitochondrial membrane potential
and limited infarct volume by more than 45 % in a transient MCAo
model [62]. These findings open speculative but intriguing possibilities:
small molecules or peptides that mimic scaffold disruptors (e.g., inter-
fering with GluR6/PSD-95 or Dvl-1/f-arrestin-2) could offer highly se-
lective, non-catalytic strategies to dampen JNK3 activation without
affecting its basal physiological roles. Given the role of scaffolds in
spatially restricting kinase activity, these agents may confer greater
regional specificity and minimize systemic toxicity, a major limitation of
classical ATP-competitive inhibitors.

3.4.8. Other/multi-target mechanisms

A further 6 articles over 56 (10.7 %) reported multi-target mecha-
nisms. Two studies used the anthrapyrazolone derivatives IQ-1L and IQ-
1S, pan-JNK inhibitors with a modest preference for JNK3; adminis-
tration up to 6 h after reperfusion depressed phospho-JNK3 and cleaved
caspase-3, shrinking infarcts by about 40 % [63,64]. In one study,
silencing the small GTPase Cdc42, that regulates cytoskeletal dynamics,
dismantled the MLK3-MKK7 complex thereby suppressing JNK3, stabi-
lizing mitochondrial membrane potential linking cytoskeletal stress to
mitochondrial damage, and improving neurological scores by 40 %
[65]. Two reports examined Ethanol plus Muscimol, a GABA,/GABAp
co-agonist mix that tempered early glutamate release, disrupted the
GluR6/PSD-95 scaffold and transiently blunted JNK3 phosphorylation
while sparing late plasticity-related oscillations [66,67]. Finally, mod-
erate whole-brain hypothermia delivered during ischemia broadly
reduced excitotoxic, oxidative and apoptotic signals, lowering JNK3
activity and infarct volume despite incomplete mechanistic dissection
[68].

4. Discussion

Growing preclinical evidence indicates that the neuronal JNK3
functions as a pivotal switch between survival and death signaling after
acute cerebral ischemia (see graphical abstract). For the first time, we
have evaluated JNK3 potential cerebroprotective mechanisms by a
systematic review, pinpointing the molecular pathways through which
JNK3 inhibition could be a promising therapeutic target for ischemic
stroke. A comprehensive overview of these mechanisms is reported in
Fig. 3.

Overall, JNK3 emerges as a signalling hub that integrates excitotoxic,
oxidative, mitochondrial and autophagic stress after brain ischemia. The
diversity of successful interventions, yet the convergence on a few nodal
assemblies, underscores both the vulnerability and the therapeutic
promise of the kinase.

Currently, four main mechanisms of JNK3-targeted intervention
emerge from the performed systematic review: (1) direct ATP-
competitive kinase inhibition, (2) peptide-mediated sequestration, (3)
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Fig. 3. Schematic representation of the main physiopathological mechanisms of c-Jun N-terminal kinase 3 (JNK3) signaling involved in cerebral ischemia and
reperfusion injury. Abbreviations: ASK1, Apoptosis signal-regulating kinase 1; MKK4,/7, Mitogen-activated protein kinase kinase 4/7; Cyt ¢, Cytochrome c; BAX, Bcl-
2-associated X protein; BIM, Bcl-2-interacting mediator; Bcl-2, B-cell lymphoma 2; HO-1, Heme oxygenase 1; CaMKII, Calcium/calmodulin-dependent protein kinase
II; PSD-95, Postsynaptic density protein 95; GluK2, Glutamate receptor kainate 2; NMDA, N-methyl-D-aspartate glutamatergic receptor; AMPA, a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid glutamatergic receptor; GABA, Gamma-aminobutyric acid receptor; Dvl-1, Dishevelled segment polarity protein 1; FZD, Frizzled
Wnt receptor; PI3K, Phosphoinositide 3-kinase; PIP2/PIP3, Phosphatidylinositol 4,5-bisphosphate/Phosphatidylinositol (3,4,5)-trisphosphate; PDK1, 3-Phosphoino-
sitide-dependent protein kinase-1; mTORC2, Mechanistic target of rapamycin complex 2; AKT, Protein kinase B; MLK3, Mixed-lineage kinase 3; SUMOylation:
conjugation with small ubiquitin-like modifier; Cdc42, Cell division control protein 42; ROS/RNS. Reactive oxygen/nitrogen species. Created in https://BioR

ender.com.

upstream MAP3K modulation, and (4) scaffold disruption [27,31,38,62,
69-71]. Adjunctive strategies such as nitric oxide donors, AKT1 en-
hancers, and antioxidants further expand this repertoire [47,48,52].
These are pan-JNK inhibitors, meaning they target the entire family of
JNK proteins (JNK1, JNK2, and JNK3). AKT enhancers such as Ator-
vastatin, and antioxidants such as Butylphthalide, dampen JNK3 indi-
rectly and broaden the therapeutic window [47,48,52]. Collectively,
these multi-layered approaches highlight JNK3 “druggability” but also
emphasize the need for isoform-selective, temporally controlled in-
hibitors that preserve the kinase late pro-repair functions while blocking
its early pro-apoptotic effects. Such inhibitors are currently not avail-
able. The ideal JNK3 inhibitor may not be a “blocker” per se, but a
modulator capable of distinguishing between early cytotoxic and late
neuroplastic roles of the kinase. This selectivity may be achieved by
targeting the toxic downstream substrates of JNK3, allowing preserva-
tion of its physiological functions while preventing pathological
signaling.

Since this systematic revision was finished (October 2024), only the
study by Huang et al. [72] has been published about the role of JNK3
activation in ischemic stroke cerebroprotection. In particular, using a
distal MCAO mice model, they demonstrated that post-stroke white
matter injury is driven by endoplasmic reticulum stress mediated by the
protein kinase R-like ER kinase (PERK) in astrocytes contralateral to the

ischemic lesion, which induces secretion of lipocalin-2 (LCN2), an
iron-binding glycoprotein involved in neuroinflammation and cellular
stress signaling. Extracellular LCN2 binds to LRP2 receptors on mature
oligodendrocytes, activating the JNK3 pathway and triggering apoptosis
and demyelination. Astrocyte-specific Lcn2 deletion or oligodendrocyte
Lrp2 silencing preserved myelin integrity and cognitive outcomes,
whereas LCN2 re-expression reversed these effects. Clinically, high
serum LCN2 levels correlated with severe leukoaraiosis, identifying the
astrocyte—oligodendrocyte LCN2-LRP2-JNK3 axis as a promising target
for limiting secondary demyelination after ischemic stroke.

However, a major limitation is that current evidence is confined to
preclinical models, predominantly rodent global ischemia. These models
fail to replicate the heterogeneous presentations of focal ischemic stroke
in humans. Moreover, in the majority of the included studies, ischemia
was followed by reperfusion and this is not always attainable in humans,
despite the increasingly frequent use of early, successfully performed
acute revascularization procedures [73]. Finally, other potential factors
that have not been properly addressed so far could prevent translation of
these promising results into clinical setting, e.g. experiments were not
performed at different animal ages, and drugs have been administered
prior the induction of ischemic stroke in many instances. The reliance on
pre-treatment protocols in many studies also limits translational rele-
vance, as stroke is typically diagnosed after symptom onset.
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Speculatively, the efficacy of JNK3-targeted interventions may vary
dramatically across different stroke subtypes (e.g., cardioembolic vs.
small vessel), patient demographics (e.g., aged vs. young brains), and
comorbid states (e.g., diabetes, hypertension), areas yet to be system-
atically explored. By the way, converging data show that cere-
broprotective interventions tested under unclear-bias conditions
overestimate drug efficacy by 30-50 % and are disproportionately likely
to fail in phase-II/III trials [74,75].

In conclusion, progress in stroke cerebroprotection hinges on the
development of truly isoform-selective JNK3 inhibitors with brain-
penetrant pharmacokinetics [93], temporal precision, and peripheral
detectability. Such molecules could enable point-of-care administration
during early triage or in the ambulance, potentially transforming acute
stroke care. The unique characteristics of JNK3, its neuron-specific
expression, integration of multiple death pathways, and assay accessi-
bility also in peripheral fluids, make it an exceptionally attractive
therapeutic target.

Beyond ischemia, JNK3 signalling intersects with neuro-
inflammatory and neurodegenerative cascades, raising the possibility
that such inhibitors may find broader application in mixed pathology
states (e.g., post-stroke dementia or vascular cognitive impairment).
When combined with reperfusion therapies and metabolic support (e.g.,
AKT1 activators), JNK3-targeted therapy could yield synergistic pro-
tection, not just cell survival, but circuit preservation and cognitive re-
covery. Moreover, it would represent a paradigm shift toward
molecularly targeted interventions for stroke-addressing a critical
unmet need in the field.

To bridge the translational gap, future research must adopt clinically
realistic models, including aged animals, comorbidity-inclusive designs,
and delayed treatment protocols. The ideal development pipeline will
include early biomarkers of JNK3 activation, imaging correlates, and
companion diagnostics. If successful, this approach could unlock a new
era of molecularly targeted stroke therapies, addressing a long-standing
unmet need in neurovascular medicine.
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